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Smad4 is the central mediator for TGF-β/BMP signals, which are involved in regulating cranial neural crest (CNC) cell formation, migration,
proliferation and fate determination. It is unclear whether TGF-β/BMP signals utilize Smad-dependent or -independent pathways to control the
development of CNC cells. To investigate the functional significance of Smad4 in regulating CNC cells, we generated mice with neural crest
specific inactivation of the Smad4 gene. Our study shows that Smad4 is not required for the migration of CNC cells, but is required in neural crest
cells for the development of the cardiac outflow tract. Smad4 is essential in mediating BMP signaling in the CNC-derived ectomesenchyme during
early stages of tooth development because conditional inactivation of Smad4 in neural crest derived cells results in incisor and molar development
arrested at the dental lamina stage. Furthermore, Smad-mediated TGF-β/BMP signaling controls the homeobox gene patterning of oral/aboral and
proximal/distal domains within the first branchial arch. At the cellular level, a Smad4-mediated downstream target gene(s) is required for the
survival of CNC cells in the proximal domain of the first branchial arch. Smad4 mutant mice show underdevelopment of the first branchial arch
and midline fusion defects. Taken together, our data show that TGF-β/BMP signals rely on Smad-dependent pathways in the ectomesenchyme to
mediate epithelial–mesenchymal interactions that control craniofacial organogenesis.
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The TGF-β superfamily is a large group of extracellular
growth factors mediating a wide range of biological activities,
including cell proliferation, differentiation, extracellular matrix
formation, and induction of homeobox genes, suggesting that
TGF-β signaling is important for pattern formation during
embryogenesis (Chai et al., 2003). At the cell surface, the
TGF-β ligand binds a transmembrane receptor serine/threonine
kinase complex, consisting of a type I and a type II receptor,
and induces transphosphorylation of the GS segments in the
type I receptor by the type II receptor kinases (Derynck and
Zhang, 2003). Most mammalian cells express different⁎ Corresponding author. Fax: +1 323 442 2981.
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doi:10.1016/j.ydbio.2007.09.050members of this receptor family, some of which may be
shared by different TGF-β ligands (Massague, 2000).
The activated type I receptor phosphorylates Smad proteins in
the cytoplasm. The type I receptors for TGF-β, activin, nodal
and myostatin (ALK 4, 5 and 7) phosphorylate Smads 2 and 3,
whereas the BMP andAMH type I receptors (ALK 1, 2, 3, and 6)
phosphorylate Smads 1, 5 and 8 (Massague and Gomis, 2006).
These receptor-activated Smads (R-Smads) dissociate from the
type I receptor and then oligomerize with a common partner,
Smad4 (DPC4). Activated Smad complexes move into the
nucleus, where they regulate transcription of target genes
(Derynck and Zhang, 2003). Although ubiquitously involved
in Smad-mediated transcription, Smad4 is not essential for TGF-
β responses: some TGF-β responses occur in the absence of
Smad4 and some Smad4-deficient cell lines have a limited
responsiveness to TGF-β. TGF-β has been shown to activate
other mediators such as the mitogen-activated protein kinases
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kinases, PP2A phosphatases and Rho family members (Derynck
and Zhang, 2003). Moreover, some genetic studies suggest that
certain Smad-dependent effects may not require Smad4 (Sirard
et al., 1998; Wisotzkey et al., 1998; Subramanian et al., 2004).
Neural crest cells are a pluripotent cell population generated
transiently along almost the entire vertebrate axis at the interface
between the surface ectoderm and the neural plate of the
embryo, a region that is referred to as the neural plate border.
During this induction process, neuroepithelial cells undergo an
epithelial to mesenchymal transformation at which point they
delaminate and begin to emigrate from the neural tube. Murine
neural crest cell formation and migration commences at
approximately the 4–5 somite stage in the region of the caudal
midbrain and rostral hindbrain and proceeds simultaneously as a
wave rostrally towards the forebrain and caudally towards the
tail. Murine cranial neural crest cells contribute to the formation
of the condensed dental mesenchyme, dental papilla, odonto-
blasts dentine matrix, pulp, cementum, periodontal ligaments,
chondrocytes in Meckel's cartilage, mandible, the articulating
disk of the temporomandibular joint and the branchial arch
nerve ganglia (Chai et al., 2000; Trainor, 2005).
During early mouse craniofacial development, TGF-β sub-
types are expressed in cranial neural crest-derived mesenchyme
during critical epithelial–mesenchymal interactions related to the
formation of various organs (Lumsden, 1984; Hall, 1992;
Lumsden and Krumlauf, 1996). Although Smad4 is not always
essential for TGF-β responses, it is a central mediator of TGF-β
signals. Unfortunately, targeted inactivation of Smad4 results in
early embryonic lethality inmice, making it difficult to investigate
the function of Smad4. These Smad4 mutant mice are arrested at
E7.5–E8.5 by growth retardation, an abnormal visceral endoderm
and the failure of mesoderm formation (Sirard et al., 1998).
To understand the roles of Smad4-mediated TGF-β signaling
in neural crest cells, we specifically deleted the Smad4 gene
using the Wnt1-Cre recombination system. The development of
embryos lacking Smad4 in neural crest cells is arrested at
E11.5–E12.5 likely due to heart failure. We first detected
defects in Wnt1-Cre;Smad4fl/fl embryos at E10.5. These
phenotypes included under-development of the first branchial
arch and failure of fusion not only in the middle of the
frontonasal process but also in the middle of the mandibular
process. Defects in lateral development of the first branchial
arch were more severe than those in anterior–posterior
development in mutant embryos. Tooth development was also
affected and arrested at the dental lamina stage. We also found
alterations in ectomesenchyme patterning and increased
numbers of apoptotic cells in the first branchial arch in Wnt1-
Cre;Smad4fl/fl embryos. Our results suggest that Smad4 plays a
critical role in cranial neural crest (CNC) development.
Materials and methods
Generation of Wnt1-Cre;R26R and Wnt1-Cre;Smad4fl/fl mutant
The Wnt1-Cre transgenic line (Danielian et al., 1998), ROSA26 conditional
reporter (R26R) transgene (Soriano, 1999) and conditional Smad4/Dpc4 allele
(Yang et al., 2002) have been previously described. Mating Wnt1-Cre withR26R mice generated Wnt1-Cre;R26R mice in which neural crest derived
cell was permanently marked with β-galactosidase expression during
embryogenesis (Chai et al., 2000). Wnt1-Cre;Smad4fl/+ male mice were
crossed with Smad4fl/fl female mice to generate Wnt1-Cre;Smad4fl/fl embryos
in which Smad4 was deleted in neural crest cells. K14-Cre;Smad4fl/fl mutant
was also generated by crossing K14-Cre;Smad4fl/+ male mice and Smad4fl/fl
female mice.
Kidney capsule transplantation
The mandibular process of the first branchial arch at E10.5 was dissected
from embryos. The explants were placed on Millipore filters supported by metal
grid in a tissue culture dish and cultured for 1 day during genotyping. The host
mouse was anesthetized using pentobarbital (0.5 mg/10 g body weight) and the
explants were grafted under the kidney capsule according to standard procedure.
Six days and 4 weeks after transplantation, the host mice were sacrificed and the
grafts were processed for histological analysis. All procedures were done
according to IACUC approved protocols.
Whole mount X-gal staining
Whole embryos (E10.5) were stained for β-galactosidase activity according
to the standard procedures. Embryos were fixed for 1 h on ice in 4%
paraformaldehyde in PBS (phosphate buffered saline) and washed in PBS.
Embryos were stained several hours at 37 °C using X-gal staining solution
(5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl2,
0.4% X-gal in PBS) and washed in PBS.
Organ culture of wild type and Wnt1-Cre;Smad4fl/fl mutant
mandibular process of the 1st branchial arch explants
Wild type and Wnt1-Cre;Smad4fl/fl mutant mandibular process of the first
branchial arch from E10.5 embryos was microdissected and cultured in
serumless, chemically defined medium. After 2 days culture, the explants were
fixed in 4% paraformaldehyde in PBS, processed for paraffin sections, and
stained with hematoxylin and eosin.
Analysis of cell proliferation and apoptosis
BrdU (5-bromo-2′-deoxyuridine, Sigma) solution was injected intraperito-
nially with 100 μg/g body weight in E10.5 and E11.5 pregnant mice. One hour
after injection, mice were sacrificed and embryos were fixed in 4%
paraformaldehyde in PBS and processed. Detection of BrdU labeled cells was
performed by using a BrdU Labeling and Detection kit by following
manufacturer's protocol (Zymed). TUNEL assay was performed using In Situ
Cell Death Detection (fluorescent) kit (Roche Molecular Biochemicals) by
following the manufacturer's protocol.
Immunohistochemistry
Sectioned immunohistochemistry was done with an Immunostaining Kit
(Zymed) according to manufacturer's directions. Anti-Smad4 (Santa Cruz
Biotechnology) antibody was used for this experiment. The slides were
counterstained with Hematoxylin. Whole mount immunohistochemistry was
performed according to Mark et al. (1993), using the 2H3 anti-
neurofilament monoclonal antibody (1:500, Developmental Studies Hybri-
doma Bank).
Whole-mount in situ hybridization and histological analysis
Whole-mount in situ hybridization was performed using standard proce-
dures. Embryos were harvested and fixed in 4% paraformaldehyde overnight at
4 °C. Digoxigenin (Roche)-labeled anti-sense RNA probes were used for this
experiment. For histological analysis, embryos were fixed in 4% paraformalde-
hyde and processed into serial paraffin sections using routine procedures and
stained with Hematoxylin and Eosin.
Fig. 1. Wnt1-Cre;Smad4fl/fl embryos exhibit severe defects. (A, B) Yolk sac
blood vessels in wild type (A) and Wnt1-Cre;Smad4fl/fl embryos (B) at E12.0.
Arrows indicate the apparent decreased blood supply in theWnt1-Cre;Smad4fl/fl
yolk sac. (C–J) Wild type and Wnt1-Cre;Smad4fl/fl embryos at E12.0 after
removal of the yolk sac (C, D), intact E12.0 embryos (E, F), and E11.5 embryos
(G–J). Wnt1-Cre;Smad4fl/fl embryos show underdevelopment of the 1st
branchial arch (arrows in panels E, F, I, J) and failure of fusion in the middle
of the frontonasal process and the mandibular process of the first branchial arch
(asterisks in panels E, F, I, J). MX, maxillary process of the first branchial arch;
MN, mandibular process of the first branchial arch. Scale bars in panels A–D:
0.5 mm, E–J: 1.0 mm.
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Wnt1-Cre;Smad4fl/fl embryos have severe defects and fail to
survive past E12.5
In order to explore the functional significance of Smad4 in
regulating the fate of cranial neural crest (CNC) cells, we
created mice with a conditional Smad4 knockout in the neural
crest cells (Wnt1-Cre;Smad4fl/fl).
Wnt1-Cre;Smad4fl/fl embryos are arrested at E11.5–E12.5.
Prior to E11.5, we detected externally normal blood circu-
lation in Wnt1-Cre;Smad4fl/fl yolks sacs and embryos,
however we observed decreased blood circulation in the
yolk sacs by E12.0 and Wnt1-Cre;Smad4fl/fl embryos never
survived beyond E12.5 (Figs. 1A–D). We found defects in
Wnt1-Cre;Smad4fl/fl embryos by E10.5, including under-
development of the first branchial arch and failure of fusion
in the middle of the frontonasal process and in the middle of
the mandibular process of the first branchial arch. The defects
in lateral developmental of the first branchial arch were more
severe than those in anterior–posterior development in mutant
embryos (Figs. 1E–J).
To verify the efficiency of the targeted inactivation, we
performed immunohistochemisty using a Smad4 antibody. In
control mice, Smad4 was expressed ubiquitously in the
craniofacial region at E10.5 (Figs. 2A, C), consistent with
suggestions that Smad4 may have important functions during
craniofacial development. However, in Wnt1-Cre;Smad4fl/fl
mice, Smad4 expression was detectable only in epithelial and
mesodermal cells but absent in neural crest derived mesench-
ymal cells (Figs. 2B, D). Based on this data, we conclude that
Wnt1-Cre mediated recombination resulted in the disruption
of Smad4 expression in the neural crest derived mesenchymal
cells.
Cardiac neural crest cell migration to the outflow tract of the
heart appears to be dramatically reduced in
Wnt1-Cre;Smad4fl/fl embryos
At E10.5, lacZ is strongly expressed in Wnt1-Cre/R26R
transgenic embryos in the frontonasal prominence surrounding
the olfactory pit, both maxillary and mandibular prominences,
the trigeminal nerve ganglia, the second arch along the facial
nerve ganglia, and the glossopharyngeal nerve ganglia behind
the future third branchial arch, reflecting the localization of
neural crest cells (Chai et al., 2000). Cardiac NCCs have an
essential role in heart development: they migrate along the
pharyngeal arch arteries to populate the outflow tract (OFT),
where they are required for septation of the truncus
arteriousus into the aorta and pulmonary artery (Kirby and
Waldo, 1995).
To investigate the role of Smad4 in regulating neural crest cell
migration, we generated Wnt1-Cre;R26R;Smad4fl/fl embryos.
At E10.5, the distribution of CNC-derived cells in Wnt1-Cre;
R26R;Smad4fl/fl embryos was indistinguishable from wild type
throughout the craniofacial region (Figs. 2E–H). Thus, cranial
neural crest cell migration in Wnt1-Cre;Smad4fl/fl embryosappears to be unaffected. In contrast, cranial neural crest cell
migration to the OFT was clearly reduced, and these reduced
migration caused defective development of the OFT with
malformed cushion in Wnt1-Cre;R26R;Smad4fl/fl embryos
(Figs. 2I–L). Consistent with this data, the Wnt1-Cre;R26R;
Smad4fl/fl embryos showed PTA (persistent truncus arteriosus)
(data not shown). Although we observed an OFT defect in the
Wnt1-Cre;Smad4fl/fl embryos, it may not be the primary cause
of the early embryonic lethality of the mutant, because an OFT
defect or PTA is not necessarily lethal until birth (Conway et al.,
1997; Kirby andWaldo, 1995). Further experiments are required
438 S.O. Ko et al. / Developmental Biology 312 (2007) 435–447to determine the primary cause of embryonic lethality of the
Wnt1-Cre;Smad4fl/fl embryos.
The sensory ganglia of the cranial nerves arise from two
distinct embryonic sources, the cranial neural crest and a subset
of neurogenic placodes. The neural crest is a migratory
embryonic cell population which gives rise to a plethora of
non-neural and neuronal cell types, including melanocytes and
some cranial skeletal elements, as well as the peripheral glia and
proximally located sensory neurons of the trigeminal (V), facial
(VII), glossopharyngeal (IX), and vagal (X) cranial ganglia. The
neurogenic placodes, in contrast, generate exclusively sensory
neurons for these same ganglia (Barlow, 2002).To investigate the contribution of cranial neural crest cells to
cranial nerves, we performed whole mount immunostaining
with anti-neurofilament antibody 2H3 at E10.5 (Figs. 3A–D).
The patterning and orientation of the cranial nerves V, VII, IX,
and X in Wnt1-Cre;Smad4fl/fl embryos were indistinguishable
from wild type. However, the trigeminal ganglion was slightly
reduced in size and its distal projections into the ophthalmic,
maxillary and mandibular branches were shortened. The distal
projection of the facial nerve was also shortened.
Tooth development in Wnt1-Cre;Smad4fl/fl embryos is arrested
at the dental lamina stage
We examined tooth development in Wnt1-Cre;Smad4fl/fl
embryos at E11.5. Normally, at E10–E11, epithelial cells start
proliferating at the sites of the presumptive tooth formation,
generating epithelial thickenings. We found that epithelial
thickening at the site of presumptive incisor and molar tooth
formation appeared to be normal in the Wnt1-Cre;Smad4fl/fl
embryos (Figs. 4A–D). As it was impossible to examine tooth
development in Wnt1-Cre;Smad4fl/fl embryos beyond E11.5
because of early embryonic lethality, we performed organ
culture and kidney capsule transplantation experiments. We
cultured first branchial arch explant dissected from E11.5Wnt1-
Cre;Smad4fl/fl embryos for 2 days (Figs. 4E–H), and we also
transplanted E10.5 first branchial arch explant under the kidney
capsule for either 6 days or 4 weeks (Figs. 4I–M). We failed to
find any tooth germ-like structures that have developed beyond
the dental lamina stage.
Fgf8 expression in the oral epithelium requires Smad4 in the
neural crest-derived mesenchyme, but not in the epithelium
The developing oral epithelium of the lower jaw can be
divided into two domains: Fgf8 is expressed in the proximal
region overlying the presumptive molar teeth, and Bmp4 is
expressed in the distal region overlying the presumptive incisor
teeth (Tucker and Sharpe, 2004). Moreover, Fgf8 and Bmp4 areFig. 2. Validation of Smad4 localization and contribution of cranial and cardiac
neural crest cells inWnt1-Cre;Smad4fl/fl embryos. (A–D) Immunohistochemistry
of Smad4 in coronal sections of E10.5 wild type (A, C) andWnt1-Cre;Smad4fl/fl
(B, D) embryos. Smad4 is expressed ubiquitously in the facial region of wild type
embryos, including the frontonasal process, first and second branchial arches.
Smad4 expression is no longer detectable specifically in the neural crest derived
ectomesenchyme of Wnt1-Cre;Smad4fl/fl embryos. Epithelial and mesodermal
cells (arrows) are positively stained with anti-Smad4. (E–J) Whole mount LacZ
staining visualizes migrating neural crest cells inWnt1-Cre;R26R andWnt1-Cre;
R26R;Smad4fl/fl at E10.5. Cranial neural crest cells are normally distributed in the
facial region including the frontonasal process, first branchial arch, 2nd branchial
arch and rudimentary third branchial arch in both Wnt1-Cre;R26R (E, G) and
Wnt1-Cre;R26R;Smad4fl/fl (F, H) embryos. (I, J) Cardiac neural crest cell
migration to the outflow tract (OFT) of the heart is clearly reduced in Wnt1-
Cre;Smad4fl/fl embryos. (K, L) H&E staining of horizontal sections from
E12.5 wild type (K) and Wnt1-Cre;Smad4fl/fl (L) embryos. The OFT showed
defective development with malformed cushion in Wnt1-Cre;Smad4fl/fl (L).
Arrows indicate OFT of the heart. FNP, frontonasal process; MX, maxillary
process of the first branchial arch; MN, mandibular process of the first
branchial arch; 2BA, second branchial arch; 3BA, second branchial arch; OFT,
outflow tract. Scale bars in panels A, C–L: 0.1 mm, B: 0.2 mm.
Fig. 3. Neural crest-derived cranial ganglia in Wnt1-Cre;Smad4fl/fl embryos.
Immunostaining for neurofilaments with the 2H3 antibody in wild type and
Wnt1-Cre;Smad4fl/fl embryos at E10.5. The patterning of the cranial ganglia
in Wnt1-Cre;Smad4fl/fl embryos (B, D) is indistinguishable from wild type (A,
C). However, the trigeminal ganglion (arrows in panel B) is slightly reduced in
size and the distal projections into the trigeminal (arrow heads in panel B) and
facial nerves (arrows in panels C, D) are shortened in Wnt1-Cre;Smad4fl/fl
embryos. III, oculomoter nerve; V, trigeminal nerve; VII, facial nerve; IX,
glossopharyngeal nerve; X, vagus nerve. Scale bars: 1 mm.
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(Stottman et al., 2001). This proximodistal patterning of
epithelial Bmp4 and Fgf8 expression domains regulates
ectomesenchymal homeobox gene expression in a spatially-
and temporally-restricted manner (Miletich and Sharpe, 2004).
Several previous studies demonstrate that early patterning of
oral ectoderm is clearly independent of the neural crest
(Miletich and Sharpe, 2004; Veitch et al., 1999; Gavalas et
al., 2001; Haworth et al., 2004). However, the molecular
mechanisms of proximodistal patterning of Fgf8 and Bmp4
expression in the oral epithelium remain unclear.
In order to investigate the early patterning of the oral
epithelium, we performed whole mount in situ hybridization
using Fgf8 and Bmp4. Bmp4 was expressed in the distal oral
epithelium of Wnt1-Cre;Smad4fl/fl embryos at E9.5, E10.5 and
E11.5 in a pattern indistinguishable from wild type (Figs. 5A–
F). Fgf8 was expressed in the proximal mandibular epithelium,
future second and third branchial arches, and along the nasal pit
to the maxillary epithelium in wild type embryos at E 9.5 and
E10.5 (Fig. 5G, I). In Wnt1-Cre;Smad4fl/fl embryos, Fgf8 was
expressed in these same regions and also expanded into the
distal mandibular epithelium at E9.5 and E10.5 (Fig. 5H, J).
These results suggest that Bmp4 in the oral epithelium of Wnt1-
Cre;Smad4fl/fl embryos failed to inhibit Fgf8 expression in the
distal mandibular epithelium.
Next, we examined the early patterning of the oral epi-
thelium in K14-cre;Smad4fl/fl embryos, created with a targeted
inactivation of Smad4 in the epithelium. We found that Fgf8
expression in the oral epithelium of K14-cre;Smad4fl/fl embryos
was not changed at E11.0 (Figs. 5K, M). In order to confirm thetissue-specific inactivation of Smad4 in the epithelium, we
performed immunostaining and show that Smad4 was not
present in the epithelium (Figs. 5L, N). This data suggests that
although Bmp4 signaling pathway in the oral epithelium was
inactivated in K14-cre;Smad4fl/fl embryos, early patterning of
the mandibular epithelium including Fgf8 expression pattern
was not affected.
Taken together, our data suggest that the antagonistic
interaction between Bmp4 and Fgf8 is maintained via the
neural crest derived mesenchyme and that the Fgf8 expression
pattern in the oral ectoderm is dependent on the neural crest
derived mesenchyme.
To further explore the initial dental placode formation in
Wnt1-Cre;Smad4fl/fl, we performed whole mount in situ
hybridization to examine the expression of Shh and Pax9. The
dental placodes marker, Shh expression in Wnt1-Cre;Smad4fl/fl
embryos was detectable in the epithelium at E11.0, comparable
to its wild type pattern (Figs. 5Q, R). The dental mesenchymal
marker, Pax9 expression in Wnt1-Cre;Smad4fl/fl embryos was
present in the mesenchyme at E11.5, diffusely expanded when
compared to its wild type pattern (Figs. 5O, P).
Alteration of ectomesenchyme patterning in the first branchial
arch of Wnt1-Cre;Smad4fl/fl embryos
To investigate the signaling mechanism of Smad4 in
regulating epithelial–mesenchymal interactions, we examined
expression patterns of genes that are critical during early tooth
and mandible development. At E10, the mandible ectome-
senchyme is divided into the proximodistal axis and the
rostrocaudal axis. Ectomesenchymal cells of each area have
distinct developmental competencies and express different
genes. Barx1 and Dlx2 are expressed in the proximal molar
mesenchyme, whereas Msx1,2 and Alx3,4 are expressed in the
distal incisor mesenchyme (Miletich and Sharpe, 2004). Along
the rostrocaudal axis, Lhx6 and Lhx7, LIM homeobox domain
genes, are expressed in the oral mesenchyme of the first
branchial arch (Grigoriou et al., 1998). In contrast, Gsc
(Goosecoid), another homeobox-containing gene, is expressed
in the aboral mesenchyme of the first branchial arch (Gaunt et
al., 1993).
Using whole mount in situ hybridization, we found that
Msx1 expression in wild type mice was restricted to the distal
region of the first branchial arch at E10.5 and then localized to
the presumptive incisor and molar regions at E11.5 (Figs. 6A,
C). However, Msx1 expression was not detectable at E10.5 or
E11.5 in the first branchial arch ofWnt1-Cre;Smad4fl/fl embryos
(Figs. 6B, D). Msx2 expression was in the distal region of the
first branchial arch in E9.5 wild type embryos, it was not
detectable inWnt1-Cre;Smad4fl/fl embryos. Dlx5 was expressed
in the proximal region of wild type mandibular processes,
whereas Dlx5 expression in Wnt1-Cre;Smad4fl/fl embryos was
expanded to the distal region of the first branchial arch.
Next, we examined the expression of Barx1 in wild type and
Wnt1-Cre;Smad4fl/fl embryos. Barx1 was first expressed in the
neural crest derived mesenchyme in the first branchial arch, in a
very restricted group of cells from which molar tooth germs will
Fig. 4. Tooth development in Wnt1-Cre;Smad4fl/fl embryos. (A–D) H&E staining of coronal sections from E11.5 wild type (A, C) and Wnt1-Cre;Smad4fl/fl (B, D)
embryos. Arrows indicate epithelial thickening at incisor and molar tooth developing sites. (E–H) H&E staining of the first branchial arch explants from E11.5 wild
type (E, G) andWnt1-Cre;Smad4fl/fl (F, H) embryos following 2 days of organ culture. In wild type samples, the early bud stage of tooth development (arrow in panel
E) and Meckel's cartilage development are detectable. In Wnt1-Cre;Smad4fl/fl explants, tooth germ-like structures beyond the dental lamina stage are not detectable
and Meckel's cartilage is underdeveloped. (I–M) Wild type and Wnt1-Cre;Smad4fl/fl first branchial arch were cultivated for either 6 days or 4 weeks after kidney
capsule transplantation. The cap stage of tooth development (arrows in panels I, K) and normal cusp patterning (L) is detectable in wild type, however tooth germ-like
structures are not detectable in Wnt1-Cre;Smad4fl/fl. MC, Meckel's cartilage; INC, incisor tooth; MO, molar tooth. Scale bars: 0.1 mm.
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expressed in molar dental mesenchyme and its derivatives but is
never expressed during incisor development (Miletich et al.,
2005). Using whole mount in situ hybridization, we found that
Barx1 showed a restricted expression pattern in the proximal
region of the mesenchyme, including both oral and aboral
regions, consistent with previous studies (Figs. 6I, K). However,
in Wnt1-Cre;Smad4fl/fl embryos, Barx1 was expressed not only
in the proximal region but also in the distal region. Moreover,
Barx1 expression was restricted to the oral region in Wnt1-
Cre;Smad4fl/fl embryos (Figs. 6J, L). Our data suggest thatFig. 5. Fgf8 expression pattern is altered in the oral epithelium of Wnt1-Cre;Smad4f
early pattering of the oral epithelium in wild type (A, C) and Wnt1-Cre;Smad4fl/fl (
(arrows in panels A–D) and its expression increases in the underlying ectomesenchy
analysis of Fgf8. Fgf8 expression is localized in the proximal oral epithelium of wild t
into the distal oral epithelium inWnt1-Cre;Smad4fl/fl embryos at E10.5 (arrow in pane
embryos in a pattern indistinguishable from wild type at E11.0 (arrows in panels K, M
(L) and K14-Cre;Smad4fl/fl (N) embryos. Smad4 is expressed ubiquitously in the first
is no longer detectable specifically in the epithelium in K14-Cre;Smad4fl/fl embryos
detectable in the mesenchyme at E11.5, diffusely expanded from its wild type patt
epithelium at E11.0, comparable to its wild type pattern. Open arrow heads indicate
incisors and arrows indicate lower molars in panels O–R. Scale bars: 0.5 mm.Smad4 is required for Barx1 expression in the proximal aboral
region and for the inhibition of Barx1 expression in the distal
oral region of the first branchial arch.
Mice with Alx3/Alx4 double mutation exhibit malformation
of most facial bones and many other neural crest derived skull
elements, including cleft nasal septum and truncation of the
distal mandible, but their incisor development is normal
(Beverdam et al., 2001). Targeted mutation of murine goosecoid
(Gsc) revealed hypoplasia of the lower jaw including reductions
in the coronoid and angular processes and malformed Meckel's
cartilage (Yamada et al., 1995).l/fl embryos. (A–F) Whole mount in situ hybridization analysis of Bmp4 during
B, D) embryos. Bmp4 is expressed in the distal oral epithelium at E9.5, E10.5
me at E11.5 (arrows in panels E, F). (G–N) Whole mount in situ hybridization
ype embryos at E9.5 and E10.5 (arrows in panels G, I). Fgf8 expression expands
ls H, J). Fgf8 is expressed in the proximal oral epithelium of K14-Cre;Smad4fl/fl
). (L, N) Immunohistochemistry of Smad4 in coronal sections of E11.0 wild type
branchal arch including epithelium (arrow heads in panel L), Smad4 expression
(arrows in panel N). (O, P) Pax9 expression in Wnt1-Cre;Smad4fl/fl embryos is
ern. (Q, R) Shh expression in Wnt1-Cre;Smad4fl/fl embryos is detectable in the
upper incisors, open arrows indicate upper molars, arrow heads indicate lower
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arch patterning and morphogenesis, we examined the
expression pattern of Alx3, Alx4, Gsc, Lhx6 in Wnt1-Cre;Smad4fl/fl embryos. In wild type mice, Gsc was expressed in
the aboral region of the mandibular arch at E10.5 (Figs.
7A–D) and Alx4 was expressed in the distal mesenchymal
Fig. 6. Alteration of ectomesenchyme patterning in the first branchial arch of Wnt1-Cre;Smad4fl/fl embryos. Whole mount in situ hybridization analysis of Msx1 (A–
D), Msx2 (E, F), Dlx5 (G, H), Barx1 (I–L), Pax9 (M, N), Shh (O, P) and ActivinβA (Q, R) in wild type and Wnt1-Cre;Smad4fl/fl embryos. (A–F) Msx1 expression in
wild type embryos at E10.5 and E11.5 (arrows in panels A, C) is not detectable in the mandibular mesenchyme ofWnt1-Cre;Smad4fl/fl embryos (open arrows in panels
B, D).Msx2 expression in wild type at E9.5 (arrows in panel E) is not detectable in the mandibular mesenchyme ofWnt1-Cre;Smad4fl/fl embryos (open arrow in panel
F). (G, H) Dlx5 expression in Wnt1-Cre;Smad4fl/fl embryos is detectable in the distal mesenchyme at E10.5 (arrows in panel H), expanded from its wild type pattern
(G). (I–L) Barx1 expression inWnt1-Cre;Smad4fl/fl embryos at E10.5 is expanded into the distal mesenchyme (arrowheads in panel J), relative to its expression in wild
type embryos (I, K) and restricted to the oral region (arrowheads in panel J, open arrow in panel L). Scale bar: 0.5 mm.
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expression was restricted to the most distal mesenchymal
region of the mandibular arch and medial nasal process at
E11.5 in wild type mice. In contrast, we were unable to
detect Alx3, Alx4, or Gsc expression in Wnt1-Cre;Smad4fl/fl
embryos. In contrast, Lhx6 expression in the oral region of
the 1st branchial arch in Wnt1-Cre;Smad4fl/fl embryos at
E10.5 was indistinguishable from wild type (Figs. 7E–H).
Thus, Smad4 is required for Gsc, Alx3, and Alx4 expression
in the mandibular arch and may play a critical role in
regulating mandibular morphogenesis.Increased apoptosis in Wnt1-Cre;Smad4fl/fl embryos
To investigate the cellular basis of the severe underdeve-
lopment of the first branchial arch in Wnt1-Cre;Smad4fl/fl
embryos, we performed BrdU incorporation assays to
analyze CNC cell proliferation and TUNEL assays to detect
apoptosis. We detected no statistically significant difference
in proliferation rates between Wnt1-Cre;Smad4fl/fl embryos
and control embryos at both E10.5 and E11.5 (data not
shown). However, we did detect a dramatic increase in the
number of apoptotic cells in the mesenchyme of the first
Fig. 7. Alteration of ectomesenchyme patterning during mandibular arch patterning of Wnt1-Cre;Smad4fl/fl embryos. Whole mount in situ hybridization analyses of
Gsc (A–D), Lhx6 (E–H), Alx4 (I, J), and Alx3 (K, L) in wild type andWnt1-Cre;Smad4fl/fl embryos. Gsc is expressed in the aboral region of the wild type mandibular
arch at E10.5 (arrows in panels A, C). Lhx6 is expressed in the oral region of the wild type mandibular arch at E10.5 (arrows in panels E, G). Alx4 is expressed in the
distal mesenchymal region of the mandibular arch at E10.5 (arrows in panel I). Arrows in panel K denote the Alx3 expression region that is restricted to the most distal
region of the wild type mandibular arch at E11.5. Gsc, Alx4, and Alx3 expression (open arrows) is not detectable in Wnt1-Cre;Smad4fl/fl embryos, although Alx3
expression in the medial nasal process is detectable (arrowheads in panels K, L). Lhx6 expression is clearly visible inWnt1-Cre;Smad4fl/fl embryos (arrows in panels F,
H). Scale bars in panels A–H: 0.5 mm, I–L: 0.6 mm.
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Interestingly, the number of apoptotic cells was highly increased
in the aboral and proximal regions of the mandibular arch (Fig.
8F), as well as in the frontonasal process at E10.5 (Fig. 8B). At
E11.5, we also detected increased apoptotic cells in the aboral
and proximal region of the mandibular arch (Figs. 8J, L). These
results are consistent with a specific role for Smad4 in cranial
neural crest-derived mesenchymal cell survival of the 1st
branchial arch, especially in the aboral and proximal regions.
Discussion
Smad4 and neural crest cell development.
Smad4 is the central mediator for TGF-β/BMP signaling,
which plays a crucial role in regulating the formation, migration
and fate determination of neural crest cells. During craniofacial
development, cranial neural crest cells migrate ventrolaterally
as they populate the craniofacial region. The proliferative
activity of cranial neural crest cells produces the frontonasal
process and the discrete swellings that demarcate each branchial
arch (Chai et al., 2000).
In this study, cranial neural crest cell localization in
Wnt1-Cre;R26R;Smad4fl/fl embryos is indistinguishable from
that of wild type throughout the craniofacial region at E10.5
suggesting that conditional inactivation of Smad4 in neural
crest derived cells does not adversely affect CNC migration
into the craniofacial region. Previous study has shown that
BMP-mediated Msx1/Msx2 signaling is critical for CNC
migration. Loss of Msx1/Msx2 adversely affects the migra-
tion of a subpopulation of CNC cells (Ishii et al., 2005).
Although there is no CNC cell migration defect associated
with Wnt1-Cre;Smad4fl/fl embryos, we suggest that TGF-β/BMP signaling may utilize mediators other than Smad4 to
control CNC migration. Previous studies have identified
isoforms of Smad4 in Xenopus (Masuyama et al., 1999; Howell
et al., 1999). It remains to be investigated whether there is
another co-Smad that is involved in mediating TGF-β/BMP
signaling. Alternatively, TGF-β/BMP signaling may use both
Smad-dependent and -independent pathway to control CNC
migration. If this is the case, one should only see perturbed CNC
migration when both Smad-dependent and -independent path-
ways are compromised.
During cardiac development, BMP2/4 function is required
for the migration of neural crest cells into the developing OFT
to form the aortopulmonary septum (Allen et al., 2001).
Furthermore, conditional inactivation of Bmpr1a also results in
defect of OFT development (Stottmann et al., 2004). Our study
shows that Smad4 is specifically required for OFT develop-
ment. This data is consistent with the functional requirement for
BMP signaling during OFT development.
Cranial ganglia are derived from both neural crest cells and
cranial neurogenic placodes (Baker and Bronner-Fraser, 2001).
Cranial placodes are focal regions of thickened ectoderm in the
head of vertebrate embryos that give rise to a wide variety of
cell types, including elements of the paired sense organs and
neurons in cranial sensory ganglia (Baker and Bronner-Fraser,
2001). To form the ganglia, both cranial neural crest cells and
placodes delaminate and migrate into the head mesenchyme
where they aggregate, and form include the satellite glia of the
cranial ganglia and Schwann cells associated with the cranial
nerves. The shortened cranial nerves we observed in the Smad4
mutant sample are likely a reflection of defect in the CNC-
derived component because Wnt1-Cre-mediated Smad4 inacti-
vation does not directly affect TGF-β/BMP signaling within
cranial neurogenic placodes.
Fig. 8. Increased apoptosis in Wnt1-Cre;Smad4fl/fl embryos. TUNEL assays to detect apoptosis in wild type and Wnt1-Cre;Smad4fl/fl embryos. At E10.5, apoptotic
cells are not detectable in the first branchial arch and the frontonasal process of wild type embryos (A, C, E). At E11.5, a small number of apoptotic cells are detectable
in the region of the first branchial arch (arrow heads in panels G, I, K). InWnt1-Cre;Smad4fl/fl embryos, a large number of apoptotic cells in the mesenchyme of the first
branchial arch and frontonasal process are detectable at both E10.5 and E11.5 (B, D, F, H, J, L). Note that the increased apoptotic cells observed in the mandibular arch
are restricted to the aboral and proximal region (arrows in panels D, F, J, L). Arrowheads in panel F indicate apoptotic cells in the second branchial arch. FNP,
frontonasal process; MX, maxillary process of the first branchial arch; MN, mandibular process of the first branchial arch; 1BA, first branchial arch; 2BA, second
branchial arch; DBA, distal region of the first branchial arch. Scale bars: 0.1 mm.
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tooth development
The initial tooth generating potential resides within the
dental epithelium, which is capable of inducing non-tooth
forming CNC-derived ectomesenchyme to develop teeth (Mina
and Kollar, 1987; Jernvall and Thesleff, 2000). Later on, this
tooth-forming potential shifts to the dental mesenchyme. This
shift of tooth-forming potential coincides with a shift in BMP
signaling from the epithelium to the mesenchyme. Morpholo-
gically, at this time, tooth development advances into the bud
stage. In Wnt1-Cre;Smad4fl/fl embryos, tooth development is
arrested at the lamina stage, suggesting that Smad4 mediated
BMP signaling in the CNC-derived ectomesenchyme is
absolutely required for tooth development to advance into the
bud stage.
To date, no null mutation experiments have resulted in
failure of initiation of tooth development (thickening of the
dental lamina). Some of the compound null mutations, however,
have resulted in retarded tooth development at the early bud
stage, such as Msx1−/−/Msx2−/−, Dlx1−/−/Dlx2−/−, and Gli2−/−/
Gli3−/−. Clearly, there is functional redundancy among differentmembers of the same transcription factor family in regulating
the advancement of tooth development. Furthermore, some of
these compound null mutations reveal regional specificity of
certain signaling molecules in regulating tooth development.
For example, only maxillary molar tooth germ development is
perturbed in Dlx1−/−/Dlx2−/− mutants. Furthermore, loss of
Dlx1 and Dlx2 genes results in a change in cell fate in the dental
mesenchyme region from odontogenic to chondrogenic (Tho-
mas et al., 1997; Tucker and Sharpe, 1999). Our study suggests
that Smad4-mediated BMP signaling is ubiquitously involved
and plays an essential role in regulating epithelial–mesenchy-
mal interaction during tooth development.
Smad4 and proximodistal patterning of epithelial Bmp4 and
Fgf8 expression
Vertebrate organ development, from initiation through
terminal differentiation, is dependent on inductive interactions
between the epithelium and the adjacent mesenchyme (Gurdon,
1992; Thesleff et al., 1995). Tooth development is one of the
classical models that involve continuous interactions between
the ectoderm-derived enamel organ epithelium and the cranial
445S.O. Ko et al. / Developmental Biology 312 (2007) 435–447neural crest-derived ectomesenchyme (Chai and Maxson,
2006). The patterning of the oral epithelium in the lower jaw
is established early in development, prior to any morphological
sign of tooth development. This proximodistal patterning of
epithelial Bmp4 and Fgf8 expression domains regulates
ectomesenchymal homeobox gene expression in a spatially-
and temporally-restricted manner. In the prepatterning process
in jaw morphogenesis, it was suggested that the initial
fundamental patterning process is controlled by the early
separation of specific areas of ectoderm that is regulated by
ectoderm–endoderm interactions, and does not involve cranial
neural crest derived cells (Haworth et al., 2004). However, we
have found that Bmp4 failed to restrict Fgf8 expression to the
proximal oral epithelium in the Wnt1-Cre;Smad4fl/fl embryos,
but that Fgf8 expression in the oral epithelium of K14-Cre;
Smad4fl/fl embryos was not affected. We consider the following
possibilities for these results: 1) The BMP4 signaling pathway
depends on Smad4-mediated downstream target gene expres-
sion in the CNC-derived ectomesenchyme, not in the first arch
epithelium. 2) Bmp4 and Fgf8 expression in the epithelium of
the mandibular arch is already patterned before K14-Cre
mediated Smad4 deletion occurs in the epithelium. Following
deletion of Smad4, Bmp4 and Fgf8 expression pattern is not
changed. 3) A Smad4-independent Bmp4 signaling pathway
can inhibit Fgf8 expression in the distal region of the first arch
epithelium. Taken together, our data suggest that the antag-
onistic interaction between Bmp4 and Fgf8 is maintained via
the CNC-derived ectomesenchyme. We hypothesize that Smad4
regulates the expression of a downstream target in the
ectomesenchyme, resulting in the inhibition of Fgf8 expression.
Proximodistal patterning of the mandible ectomesenchyme
reflects the patterning of the overlying oral epithelium. For
example, FGF8, secreted by the proximal epithelium, induces
the expression of proximal mesenchymal markers, Barx1,
Dlx1, and Dlx2 (Thesleff and Sharpe, 1997), whereas Bmp4
secreted by the distal epithelium induces the expression of the
distal mesenchymal markers, Msx1 and Msx2 (Vainio et al.,
1993; Tucker et al., 1998a) and inhibits the expression of Barx1
(Tucker et al., 1998b). In our study, Msx1 and Msx2 expression
was not detectable in Wnt1-Cre;Smad4fl/fl embryos at E10.5.
Barx1 and Dlx5 expression was expanded to the distal region of
the first branchial arch at E10.5, probably as the result of the
expansion of Fgf8 expression to the distal region of the
epithelium. Interestingly, Barx1 expression was restricted to the
oral region of the ectomesenchyme in Wnt1-Cre;Smad4fl/fl
embryos, suggesting that Smad4 is required for Barx1
expression in the proximal aboral region and for the inhibition
of Barx1 expression in the distal oral region of the first
branchial arch.
Smad4 and survival of the CNC-derived ectomesenchyme
One of the striking phenotypes in the first branchial arch of
Wnt1-Cre;Smad4fl/fl embryos is the substantial increase of
apoptosis in the proximal aboral region. Previous study shows
that simultaneous inactivation of Bmp4 in mandibular ectoderm
and pharyngeal endoderm resulted in severe mandibular defects(Liu et al., 2005). Specifically, there is elevated apoptosis in
proximal mandibular mesenchyme in Nkx2.5-Cre;Bmp4fl/fl
mutant mice. Recent studies have shown evidence to support
the notion that the pharyngeal endoderm has a critical role in
regulating the fate of CNC. For example, surgical removal of
pharyngeal endoderm during early stages of chick embryogen-
esis resulted in defects in facial bone and cartilage development
(Couly et al., 2002). During the development of the first
branchial arch, pharyngeal endoderm is thought to prepattern
the orofacial epithelium, which in turn will provide instructive
signals to pattern the CNC-derived mesenchyme (Haworth et
al., 2004). In zebrafish studies, FGF signaling has been shown
to be critical for the development of pharyngeal endoderm
itself and for the mediation of the endoderm to regulate facial
skeletal morphogenesis (Ruhin et al., 2003; Crump et al.,
2004; Helms et al., 2005). The phenotype similarity between
Nkx2.5-Cre;Bmp4fl/fl and Wnt1-Cre;Smad4fl/fl mutant mice
suggests that Smad4 in CNC-derived first arch mesenchyme
plays a critical role in mediating the BMP4 signaling from the
oral ectoderm and pharyngeal endoderm during mandible
development.
Besides the proximal and distal domains of the first
branchial arch, the CNC-derived ectomesenchyme is also
divided into an oral and aboral axis. Lim-homeobox domain
genes, Lhx6 and Lhx7, are expressed in the oral region of
CNC-derived ectomesenchyme and may have critical func-
tions in directing CNC cells to reach their destination
(Grigoriou et al., 1998). In the proximal aboral region, Goo-
secoid (Gsc) is expressed where Lhx6 and Lhx7 are excluded
(Tucker et al., 1999). Gsc knockout mice display hypoplasia
of the lower jaw and a reduction of the coronoid and angular
processes (Yamada et al., 1995; Rivera-Perez et al., 1999).
Furthermore, Gsc acts cell autonomously in regulating Wnt
signaling in the CNC-derived ectomesenchyme during mand-
ible development (Lewis et al., 2007). In this study, we show
that Smad4 is an upstream mediator for Gsc expression. TGF-
β/BMP signaling-induced Gsc expression is critical for the
survival of CNC cells in the proximal aboral region of the first
branchial arch. Finally, our study suggests that, when
investigating the molecular regulatory mechanism of mandible
development, the mandibular arch should be subdivided into
four domains based on differential and non-overlapping gene
expression patterns. These domains include the proximal oral,
distal oral, proximal aboral and distal aboral regions. Clearly,
these regional identities have been established through
epithelial–mesenchymal interactions during early stage of
craniofacial development.
In summary, our study shows that loss of Smad4 does not
adversely affect the migration of CNC cells. Smad4 plays a
critical role in CNC cells to regulate epithelial–mesenchymal
interactions during tooth development. Smad4 is required for
regional identity within the CNC-derived ectomesenchyme and
for the survival of CNC cells in the proximal region of the first
branchial arch. Taken together, our data suggest that TGF-β/
BMP signaling mainly relies on Smad-dependent signaling
mechanism in regulating the fate of CNC cells during
craniofacial morphogenesis.
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